Abstract-Internet of Things (IoT) is a smart infrastructure of the unique identification device capable of wireless communication with each other, and human services on a large scale through the Internet. The IoT devices themselves must self-aware and harvest the energy they need from ambient sources. Simultaneous wireless information and power transfer (SWIPT) is a promising new solution to provide an opportunity for energy-restrained wireless devices to operate uninterruptedly. In this paper, we propose a beamforming approach for IoT multi-input multi-output (MIMO) SWIPT downlink systems, which minimizes the mean square error (MSE) of the information decode (ID) device while satisfying the energy constraint of the energy harvesting (EH) device. Simulation results are provided to evaluate the performance and confirm the efficiency of the proposed algorithm. 
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Introduction
I
NTERNET of Things (IoT) describes the structure of computing includes the objects in daily life, each object is provided with a unique identifier, which is connected to the Internet without requiring human interaction [1] . IoT aims to make the Internet ubiquitous and pervasive, and it has the potential to affect many aspects of users' quality of life. The networked heterogeneous devices connected in an IoT structure are typically equipped with sensors, controlling processors, wireless transceivers, and an energy source (e.g., a battery) to monitor their environment and send/receive data [2] . The applications envisioned for IoT span across many areas including home automation, healthcare, monitoring, transportation, intelligent environments, and many more. One of the dominant barriers to implementing such a grandiose scheme is supplying adequate energy to operate the network in a self-sufficient manner without compromising quality of service (QoS). Therefore, it is imperative to improve the energy efficiency and longevity of devices in IoT [3] .
In such a complex network, the components require long-term and self-sustainability. In addition, the devices themselves must self-aware and harvest the energy they need from ambient sources [4] . Among the various methods of energy harvesting such as wind, light and thermal energy, wireless energy has proven to be one of the most promising solutions for its simplicity, ease of use and usability [5, 6] .
In the past few years, there have been significant research progress on beamforming strategies in wireless communication networks to maximize the rate at the information decoding (ID) devices and the harvested energy at the EH devices simultaneously [7, 8] . In this paper, we focus our study on the downlink IoT MIMO SWIPT case with one transmitter and two IoT devices include: one ID and one EH device.
The rest of this paper is organized as follows: In Section II, we introduce IoT SWIPT system. In Section III, the system model is presented and then, the MMSE problem is formulated. In Section IV, we develop the algorithm for solving the MMSE maximization. Simulation results are provided in Section V and finally the paper is concluded in Section VI.
Notations: We use the upper-case boldface letters for matrices and lower-case boldface letters for vectors. C N ×M represents the space of N ×M complex matrices and I M indicates an M × M identity matrix. X H , |X|, and tr (X) stand for conjugate transpose, determinant and trace of a matrix A, respectively. A complex Gaussian random vector variable z with mean µ and variance variance σ 2 is represented as z ∼ CN (µ, σ 2 ).
SWIPT in IoT
Wireless power transfer (WPT) is the transmission of electrical energy without wires as a physical link. In a wireless power transmission system, a transmitter device, driven by electric power from a power source, generates a time-varying electromagnetic field, that is capable of transporting power across space to a receiver device, which extracts power from this field and supplies it to an electrical load [9] . Wireless power transfer is useful to power electrical devices where interconnecting wires are inconvenient, hazardous, or are not possible. The history of power transmission by radio waves is reviewed from Heinrich Hertz to the present time with emphasis upon the free-space microwave power transmission era beginning in 1958. The history of the technology is developed in terms of its relationship to the intended applications [10] . Radio frequency (RF) energy-harvesting systems can be easily integrated with different types of antennas as well as with other harvesting technologies, such as the solar cells. RF energy harvesting is a promising technique to replace battery power or extend the life of lowpower and low-power systems. Batteries occupy the majority of IoT sensors and devices. In fact, the battery life is limited and requires periodic replacement. By applying energy harvesting technology, the device can automatically provide the energy needed to operate, the operating time is not limited and the need for maintenance of electricity will become negligible.
External sources of energy come in a variety of forms, such as solar, wind power, thermal energy, electric power, kinetic energy, etc. Among them, in space and can be obtained without limitation. Electromagnetic waves come from various sources such as satellite stations, wireless Internet, radio and digital broadcasting. Radio frequency energy receivers can receive and convert electromagnetic energy into DC. The main unit of an RF energy harvesting system is the antenna and the rectifier circuit that converts RF power or AC current into DC power. Energy harvesting using radio frequency (RF) has recently become an alternative to powering next generation wireless networks. This technology contributes to facilitating applications with service quality requirements, to optimize bandwidth resources [11] .
For IoT RF-based energy harvesting, received radio waves are converted to DC power after conditioning as shown in Fig. 1 . Converting the RF signals into DC power can be achieved through several approaches, such as single-stage vs. multistage, depending on the desired application requirements (i.e., power, efficiency, or voltage). The source power, antenna gain, distance between source and the destination, and energy conversion efficiency are some of the factors that impact the amount of power harvested.
RF energy harvesting has two models: the sensor nodes can use two radios, one for RF harvesting and the other for communicating with other sensor nodes, or the sensor nodes can employ only a single radio that can be used for SWIPT. To implement SWIPT, receivers apply time switching (TS) or power splitting (PS) mechanisms [11] , [12] . The TS receiver periodically switches between information decoding and energy harvesting, whereas the PS receiver splits the received power into decoding power and harvesting power.
System model
Considering the IoT MIMO downlink simultaneous wireless information and power transfer system as described in Fig. 2 , where one IoT transmitter is equipped with M ≥ 1 transmitting antennas, and one EH receiver and one ID receiver are equipped with N EH ≥ 1 and N ID ≥ 1 receiving antennas, respectively. In this paper, we assume a narrow-band transmission over quasi-static fading channels, the baseband equivalent channels from the transmitter to the EH IoT receiver and ID IoT receiver can be modeled by matrices G ∈ C N EH ×M and H ∈ C N ID ×M , respectively. It is assumed that the transmitter and each IoT receivers know all channel information status (CSI).
We assume that linear transmit beamforming is employed at the transmitter. Thus, the transmitted signal from the IoT transmitter is defined as
where V represents the transmit beamforming matrix, which is subject to the power constraint tr(VV H ) ≤ P T , and s denotes the corresponding transmitted data symbol. It is assumed that s is independent and identically distributed (i.i.d.) circularly symmetric complex Gaussian (CSCG) random variables as s∼CN (0,I). The received signal at the IoT receivers are then expressed as
where y ID and y EH are received signal at the IoT ID and EH receiver, respectively; and where n ID and n EH are the independent white complex Gaussian noise with zero mean and variance σ 2 ID and σ 2 EH at the IoT ID and EH receiver, respectively.
Let W denote the receive filter for information decoding at the IoT ID receiver; the recovered signal is expressed as:
The IoT EH receiver does not need to convert the received signal from the RF band to the baseband in order to harvest the carried energy. We assume that the total harvested RF-band power (energy normalized by the baseband symbol period), denoted by Q, from all receiving antennas at the IoT EH receiver is proportional to that of the received baseband signal, i.e.,
where ξ denotes a constant accounting for the harvesting efficiency and we assume ξ = 1 for simplicity unless stated otherwise. Firstly, we consider the MIMO link from the IoT transmitter to the IoT EH receiver when the IoT ID receiver is not present. In this case, the beamforming matrix design objective is maximized the energy power Q received at the IoT EH receiver. The problem can be formulated as
The optimal solution to (P1) is
, where v g,1 denotes the corresponding right singular vector [10] . When V = V EH , it follows that the maximum energy harvested at the IoT EH receiver is given by Q max = g 1 P T , where g 1 is the largest singular value of G.
Consider next the MIMO link from the IoT transmitter to the ID receiver without the presence of any IoT EH receiver. Transceiver design problem is formulated as:
The optimal solution to the above problem is known to have the following form [13] : (p 1 , . .., p T ) with the diagonal elements obtained from the standard "waterfilling" power allocation solution [13] with
The corresponding maximum transmission rate is then given by R ID = T i=1 log(1 + h i p i ) . Now, we consider the case where both the IoT EH and IoT ID receivers are present. The recovery error at the ID device can be defined as α −1 s − s and the resulting minimum mean squared error (MSE) is given by ε = tr( α −1 s − s α −1 s − s H ) . Then, the achievable MSE-energy harvested region as:
and each boundary point of R M −E can be obtained by solving the following optimization problem
where
This problem is a convex optimization problem, since its objective function is concave over V and its constraints specify a convex set of V.
MMSE beamforming designs
In this section, the problem (P3) is solved based on the Lagrange duality method. First, we introduce two non-negative dual variables, λ and µ, associated with the harvested power constraint and transmit power constraint in (P3), respectively.
The Lagrange function is formatted as follows: Let λ = α 2 λ, µ = α 2 µ, we can further derive above equations as
; and we can find λ satis-
The detail algorithm to solve (P3) is summarized in flow diagram in Fig.3 . For given β, V, we calculate the receive filter W. Now, we find λ by bisection method. And finally, we update β and V. The steps are calculated iteratively until convergence.
Simulation results
In this section, we evaluate the proposed beamforming designs through numerical results. For simplify, we assume IoT ID and EH receivers have the same distance from transmitter. The channel gains are generated according to the Rayleigh pathloss model (pathloss exponent 3). The noise is generated from the complex Gaussian distribution. The noise power is −100 dBm Hz × 100M Hz = 1µW . Let us assume that P T = 100mW , the per-antenna SNR at the ID device becomes 20dB. The number of initialization steps N in flow diagram is set to be 100. The random initial points for the proposed scheme is 500. Fig. 4 illustrates the achievable MSE-energy and rateenergy regions, where the rate-energy (R-E) region is defined as
We can clearly observe that the MSE is increase with the harvesting energy, meanwhile the harvest energy is invert ratio to the information rate. In additional, the performances become better if more transmit antennas in the system. Fig.5 and 6 illustrate the harvested energy and sum-rate as a function of transmit power system. In Fig.5 , the energy harvested by the IoT EH receivers are compared as a function of transmit power system. As expected, the energy harvested is increase when transmit power increase. In Fig.6 , we can observe that the sum-rate is ratio with transmit power and antennas of transmitter.
Conclusion
This paper studied the beamforming design for IoT MIMO SWIPT system. By considering such a typical IoT SWIPT system, several optimization problems were formulated to derive the boundary of the R-E region for the considered systems. The optimal algorithm is proposed to design beamforming matrices in term of minimum mean squared error IoT receiver criterion while satisfying the energy harvesting constraint of the IoT EH receiver. Numerical results were provided to show the R-E regions and performance of the systems. These results also some useful insights for better understanding the MIMO SWIPT IoT system. In this work, only one IoT ID and one EH device was considered. Future research may investigate the system with more IoT ID and EH devices.
